Extensive microbial gene flows affect how we understand virology, microbiology, medical sciences, genetic modification, and evolutionary biology. Phylogenies only provide a narrow view of these gene flows: plasmids and viruses, lacking core genes, cannot be attached to cellular life on phylogenetic trees. Yet viruses and plasmids have a major impact on cellular evolution, affecting both the gene content and the dynamics of microbial communities. Using bipartite graphs that connect up to 149,000 clusters of homologous genes with 8,217 related and unrelated genomes, we can in particular show patterns of gene sharing that do not map neatly with the organismal phylogeny. Homologous genes are recycled by lateral gene transfer, and multiple copies of homologous genes are carried by otherwise completely unrelated (and possibly nested) genomes, that is, viruses, plasmids and prokaryotes. When a homologous gene is present on at least one plasmid or virus and at least one chromosome, a process of "gene externalization," affected by a postprocessed selected functional bias, takes place, especially in Bacteria. Bipartite graphs give us a view of vertical and horizontal gene flow beyond classic taxonomy on a single very large, analytically tractable, graph that goes beyond the cellular Web of Life.
Introduction
A major problem for biology is to understand short and long taxonomical range sharing of genes, be they acquired by vertical descent or introgression (Beiko et al. 2005; Kunin et al. 2005; Puigbo et al. 2010; Andam and Gogarten 2011; Kloesges et al. 2011; Popa et al. 2011; Smillie et al. 2011; Cong et al. 2017) . Another problem is to acknowledge and evaluate the role of viruses (and other mobile genetic elements) in the evolution of cells (Simmonds et al. 2017) . Considered from a genetic perspective, mobile elements impact cellular evolution first by moving genes into cells and this often results in a kind of paralogy within microbial communities, when a gene copy is carried on the genome of a mobile element as well as on a chromosome. This process can create new phenotypes (Busby et al. 2013) , opportunities for the coming of additional genes in genomes (Roux et al. 2015) , and contribute to the resilience of microbial communities by dispersing physiologically important genes on multiple vectors (Sullivan et al. 2010; Biller et al. 2015) . Moreover, the number of prophages inserted in prokaryotic genomes (and their biological impact on their hosts) is likely underestimated (Roux et al. 2015) . However, we have a poor framework to study dynamics of gene flow between mobile elements and cells.
Here, we exploited a novel approach to study gene sharing in the microbial world, which expands over the numerous approaches currently being developed. These latter display some limits when it comes to study together gene sharing between mobile genetic elements and cells. Tracking the multitude of transfer paths (be they vertical or horizontal) is difficult but important, especially since sets of genes can be transferred together for functional reasons (Jain et al. 1999 ). On the one hand, phylogenetic methods such as the one using highways of gene sharings (Kunin et al. 2005; MacLeod et al. 2005; Beiko et al. 2006; Dagan and Martin 2006) can be used to investigate these genes movements, yet phylogenetic approaches are limited to related entities, that is, related genomes diverged from a last common ancestral genome, which belong to a monophyletic group. The simultaneous study of viruses, plasmids, plasmids and viruses, viruses and cells, plasmids and cells together remains therefore difficult. On the other hand, binary matrices (NelsonSathi et al. 2015) , similarity networks, such as genome networks (Fondi and Fani 2010; Halary et al. 2010; Tamminen et al. 2012 ) and bipartite gene-genome networks analyzed with heuristic community detection method , have provided exciting results. Such networks have been used to test hypotheses about the phylogenetic or environmental drivers of genomic diversity (Kloesges et al. 2011; Cheng et al. 2014; Forster et al. 2015) and the selective advantages of introgressed genes (Bapteste 2014) . These approaches can in principle include all key evolutionary players in a common framework (although so far the vast majority of genome networks, binary matrices, and bipartite graphs have been limited to either chromosomes; Kloesges et al. 2011) or genomes of mobile elements (Lima-Mendez et al. 2008; Desnues et al. 2012; Yutin et al. 2013) . These binary matrices are mathematically equivalent to bipartite graphs; however, it is more natural to speak in terms of graph when using tools from graph theory.
Bipartite graphs consist of nodes of two fundamentally different kinds. These nodes are connected by edges such that two nodes on either end of an edge are never of the same kind. Bipartite graphs have been successfully used to explore gene-disease relationships (Hwang et al. 2008) , the evolution of malaria parasites (Larremore et al. 2013) , recipe ingredient data sets (Ahn et al. 2011) , and social media networks (Murata 2009 ). In the context of gene flow, cluster of homologous genes (CHG)-genome networks ( fig. 1 , panel A) can reveal, like binary matrices, which exact groups of homologous genes are shared exclusively by certain groups of genomes (a pattern called "twins" in graph theory, formally defined as sets of CHG nodes that have identical connectivity to genome nodes). Network analyses can also reveal "articulation points," that is, CHG nodes that are connected to parts of the graph that otherwise share no CHG nodes.
Specifically, bipartite graphs can be used to track sets of genes that have been laterally transferred together, genes that unite genomes that otherwise have no homologs in common at a given threshold, and also to uncover biases in transfer and/or retention of genes between mobile elements and cells. Importantly, bipartite graphs can be analyzed in two complementary ways (Barber 2007; Alzahrani and Horadam 2016; Jaffe et al. 2016) . As in , gene-genome networks can be partitioned using heuristic methods of community detections. They can also be decomposed exactly as in (Jaffe et al. 2016) , avoiding a heuristic treatment of the graph. In this paper, we looked at twins and at articulation points ( fig. 1,  panel B ). These patterns have indeed the interesting property to be uniquely defined (unlike communities that can strongly depend on the clustering algorithm that has been used), whereas uncovering already interesting biological phenomena.
We applied this approach to 8,214 genomes, thereby extending a former analysis of gene sharing between cells and mobile elements, that identified genetic worlds (Halary et al. 2010) . On the one hand, the resulting bipartite web of life effectively generalizes conclusions from microbial evolution. It shows that the web of life is composed of phylogenetically distinct elements, which are genetically intertwined, according to detectable rules: genes are primarily shared between groups of closely related genomes (i.e., taxonomically consistent groups) and between groups of genomes with the same type (i.e., typologically consistent groups, for example, phages with phages and plasmids with plasmids). It also shows that transposases navigate across the branches of the web. The greatest influence on gene sharing was host type with many prokaryotic (cellular) and MGE (acellular) kinds characterized by exclusive gene contents. Moreover, using graph compression, we analyzed "gene externalization" ), a situation which occurs when a CHG is present on at least one extrachromosomal element and at least one chromosome. This observation is different from lateral gene transfer between two cells, because gene externalization occurs between otherwise completely unrelated genomes, that is, viruses, plasmids, and prokaryotes, which do not show a single last common ancestor. We unraveled that gene externalization was especially significant among Bacteria, and mainly driven by gene function, illustrating strong biases in the kind of genes that persist on multiple vectors in this kind of prokaryotes.
Results and Discussion
We initially constructed bipartite graphs from a data set of 382 prokaryotic genomes and 7,832 mobile element genomes. bottom nodes forming a twin class and their incident edges are drawn in the same shade of gray. Nodes 7 and 8 have the same neighbors (nodes 1 and 2) thus form twin class 1. Twins 2 and 4 are trivial since they contain only one node. Node 9 is an articulation point since its removal disconnects the graph. Corel et al. . doi:10.1093/molbev/msy001 MBE This family-based data set was carefully selected to avoid the sequencing bias in microbial genomics toward Bacteria. In addition, the resulting data set size is amenable to BLASTbased sequence-similarity analyses, and extends over a former study of gene sharing between cells and mobile elements (see supplementary fig. S1 , Supplementary Material online for a genome network updated with respect to Halary et al. 2010) . In these bipartite graphs, the "top" nodes correspond to the genomes and the "bottom" nodes correspond to CHG, defined at various stringencies ( fig. 1, panel A) . The stringency parameters of minimum percentage of identity in sequences allowed us to focus, for example, on recent gene family transmissions (i.e., when two sequences could be aligned over-! 80% of their mutual length, and were ! 95% identical in sequence; !95% ID for short). Varying stringency parameters allowed us to consider a variety of evolutionary time scales (see Materials and Methods). Still, the criterion of ! 80% mutual cover, critical to identify homologous genes, typically filtered out information about partial similarity, that is, between recombinant gene forms, such as fused genes or remodeled genes (Jachiet et al. 2014; Méheust et al. 2016) . This means that our estimates of genetic sharing and the proportion of genes externalization presented below are conservative, restricted to the identification of full-sized (externalized) genes.
An undirected edge connecting a top and a bottom node indicated that a member of a CHG was found in a genome. Thus, these graphs include simultaneously several levels of organization (showing genes and genomes), and several agents (showing chromosomes and plasmids or viruses). Hence, they provide information about the distributions of CHGs across a broad range of genomes. As in any inference of comparative genomics however, the distribution of homologs across taxa only approximates actual gene exchanges, possibly because of the size of our sample, but also since intermediate unknown players are likely (see, for instance, those discovered lately in Hug et al. 2016) . Despite these limits, the structure of these graphs is already very informative.
The network is amenable to standard structural analyses. The CHG sizes follow a power-law-like distribution (supplementary fig. S2 -1, Supplementary Material online). The node degree distribution in these graphs differs according to the node type, consistently with . The degree of a genome represents the part of the genome that is shared at the given similarity level. The degree of a CHG represents the number of genomes in which a given CHG is found. The degree distribution of CHGs seems to display a power law behavior, whereas genomes show a different degree distribution. Viruses and plasmids display a subpower law with far less small degree nodes, and a two-mode bump likely inherited from the bimodal size distribution of both types of MGEs. This last feature can also be observed in the results reported by ). This trend is moreover stable with the size of the data set (supplementary fig. S2 -2, Supplementary Material online). Beyond these topological features, the network is also amenable to analyses that help understanding microbial evolution.
Connected Component Analysis Reveals Groups of Genomes with Exclusive Gene Pools
For each network at a given stringency threshold, we first enumerated all its connected components (CCs), that is, all sets of nodes for which there is always an interconnecting path. These CCs represent groups of genomes associated with an exclusive pool of CHGs, that is, a CHG found in a CC is by definition absent in any other CC. The robust recovery of multiple CCs (522 in the graph at ! 95% ID and 156 in the graph at ! 30% ID, also see supplementary fig. S1 , Supplementary Material online) is consistent with the genetic worlds identified in (Halary et al. 2010) , albeit with a now much larger data set and a different network approach (supplementary fig. S1 , Supplementary Material online). The discrete nature of this graph suggests a discontinuity in vertical and horizontal transmission of full-sized genes between genomes belonging to different CCs. This barrier may reflect phylogenetic isolation, ecological isolation, the use of an alternative genetic code or quite simply the nonexhaustive data set of genes and genomes at our disposal. For example, the CC in supplementary figure S2 , Supplementary Material online, illustrates the case of the Spiroplasma phages, which are characterized by the alternative use of the codon UGA to encode Tryptophan instead of "STOP" (i.e., the Mycoplasma/ Spiroplasma code). The taxonomic homogeneity of this CC suggests that these phages have been exclusively sharing a unique pool of genes, in effect privatized by their own lineage (McInerney et al. 2011) . Note that, conversely, members of a given CC do not necessarily directly share a CHG, meaning that even genomes belonging to the same CC are not necessarily connected by vertical or horizontal gene transmission. Indeed, our bipartite graphs also display a giant CC (gCC), encompassing 6,362 (i.e., 80.1%) genomes and 80,136 (99%) CHGs (at ! 30% ID) (supplementary table S1 and fig. S4 -1, Supplementary Material online). This single gCC include genomes that have no homologous genes in common, yet participate in a giant network of gene sharing. The ability to reconstruct such a pattern is a significant advantage associated with the use of bipartite graphs.
Twin CHG Are Likely Genetic Public Goods
To understand the coinheritance of CHGs, and also to provide us with a tool for the study of phenotype evolution when phenotypes are not associated with a single monophyletic taxonomic group, we analyzed each CC, including the gCC, at a more fine-grained level, by enumerating all the twins of bottom nodes (BT) within these connected components ( fig. 1, panel A) . Twins are nodes with identical sets of neighbors in a graph. BTs represent CHGs that are exclusively present in exactly the same set of genomes. Therefore, a group of genes that are cotransmitted, vertically and/or horizontally (from a common ancestor or via LGT) within a club of genomes, will be detectable as a BT (above a sufficient similarity level, see supplementary fig. S3 , Supplementary Material online and below). We verified that the compositions of our BTs were significantly different from the ones expected from random networks (empirical adjusted p value ¼ 4.76 Â 10
À3
, on 1,165 simulations with permuted genome attributions for Gene Sharing in a Bipartite Web of Life . doi:10.1093/molbev/msy001 MBE genes, see Materials and Methods) and robust (see proportions for different subsets of data in supplementary fig. S4 , Supplementary Material online). This observation confirmed that there is an evolutionary structure in the network, but it cannot be used to determine the respective strengths of the vertical and horizontal modes of inheritance.
Detecting individual or sets of CHGs shared by many genomes with otherwise totally distinct gene contents (at a given similarity threshold) is essential to track long-distance horizontal gene transmission across the web of life. We demonstrated that this detection can be achieved via exact graph compression. We reduced the bipartite graph by grouping together BT nodes into bottom metanodes, and simplified it further by removing all BTs that were present in only one genome (see Materials and Methods). We did not further exploit here the information regarding the number of paralogs within the CHG contributing to the metanodes. Notably, the result of this graph reduction is unique and robust, that is, it does not depend from the order in which twins are merged. This merging produces a quotient, BT-free, bipartite graph with no loss of information due to this compression. It is then trivial to enumerate all bottom articulation points (BAPs) in such reduced graphs, that is, all nodes whose removal would increase the number of connected components. Although strictly topological, the notion of BAPs could in principle help to detect public genetic goods (McInerney et al. 2011) , that is, genetic material that is being shared by taxonomically distant genomes, which possibly benefit from the properties these shared genes confer, for some other reason than genealogy (i.e., genes coding for environmental adaptation or others hitch-hiking with them. . .). Around 16% of the articulation points in the network at ! 30% ID (and up to 71% at ! 90% ID) were proposed as horizontally transferred according to our horizontality test with majority as decision rule (Materials and Methods).
We report for instance the case of the 3 0 -phosphoadenosine 5 0 -phosphosulfate sulfotransferase (PAPS reductase)/ FAD synthetase CHG, shared by the Gram-positive bacterium Ruminococcus bromii and the Gram-negative bacterium Fibrobacter succinogenes, forming a BAP in our graph at ! 90% ID. This CHG encodes an enzyme with the rare ability to store two electrons without the need for cofactor or prosthetic groups, which likely enhances the success rate of transfer for this CHG in the rumen (supplementary fig. S5 , Supplementary Material online). At a stringency of ! 90% ID, 56 BAP nodes (out of 811 BAP nodes) encompass transposases which, as the graph suggests (supplementary tables S3 and S4, Supplementary Material online), possess the capability to move across distantly related genomes (Hooper et al. 2009 ).
The Topology of the Web of Life Shows Patterns of Gene Transmission
Simple graph patterns in a CHG-genome network subjected to exact decomposition are already sufficient to provide abundant biological information. Detecting recurrent patterns in the compressed bipartite graphs of this data set of 382 prokaryotic genomes and 7,832 mobile elements (3,613 viruses and 4,219 plasmids) confirmed prior knowledge about vertical or horizontal gene transmission, whereas extending these conclusions to a more comprehensive data set. More precisely, a single analysis of CC and BT analyses (supplementary figs. S6-1 and S6-2, Supplementary Material online, also supplementary tables S1-S7, Supplementary Material online) generalize observations about several rules of gene transmission, that had been made on separate studies (Beiko et al. 2005; Kunin et al. 2005; MacLeod et al. 2005; Hooper et al. 2009; Halary et al. 2010; Puigbo et al. 2010; Kloesges et al. 2011; Schliep et al. 2011; Smillie et al. 2011; Desnues et al. 2012; Tamminen et al. 2012; Busby et al. 2013; Yutin et al. 2013; Jaffe et al. 2016; Popa et al. 2017) .
First, the vast majority of CCs and BTs were composed of genomes consistent by type of hosts, for all stringency thresholds. For example, at ! 90% ID, 94.26% of the CCs, and 92.01% of BTs showed gene sharing between genomes of the same type (i.e., either exclusively cellular, exclusively viral or exclusively plasmid, see fig. 2 ). In addition, not only were the vast majority of CCs and BTs consistent with genome type but the constituent genomes were also generally taxonomically consistent (supplementary fig. S6-1 and tables S1 and S2, Supplementary Material online), for all stringency thresholds. For example, at ! 90% ID, 78.5% of the CCs, and 99% of the BTs that contain prokaryotes (i.e., 19% of all BTs) showed gene sharing among members of the same phylum (as defined independently by the NCBI taxonomy). Overall, this strong taxonomic signal reflects the fact that distantly related genomes have rather different gene contents, which is consistent with the relatively independent evolution of various kinds of cellular organisms in the web of life (Halary et al. 2010) . We confirmed this disconnection of the living world (in terms of gene content) by plotting the distribution of CHGs across taxa using a heatmap, constructed on the sole criterion of ! 80% mutual coverage (see supplementary fig. S11 , Supplementary Material online), in order not to increase the differences between taxa, which could artifactually happen at high stringency thresholds when one considers that two genomes display different gene contents, whereas their seemingly different CHGs are simply divergent groups of related sequences belonging to common ancient gene families. This approach showed that genomes from different lineages use genuinely different sets of genes, and that very few CHGs are shared widely between prokaryotes (in agreement with Ku et al. 2015) . This approach was also used for the identification of Exclusively Shared CHGs (ESCHG), see below).
Second, within these major taxonomic lineages, genomic evolution is highly reticulated. We verified this by computing, for each group of closely related genomes in this data set, the number of CHGs that are shared by members of this group and exclusively by them. The size of these ESCHG amounts to the percentage of BTs (i.e., sets of exclusive CHGs) found exclusively in genomes belonging to the taxonomic group. This notion differs from that of core genome (at the given similarity level), since ESCHGs are not present outside this taxonomic group and the core genome can include CHGs that are also present in other groups from different lineages Corel et al. . doi:10.1093/molbev/msy001 MBE (e.g., housekeeping genes). Notably, categories featuring substantial relative amounts of core gene families are environmentally (Thermococci, Halobacteria) or metabolically (Methanococci, Cyanobacteria) specific lineages. The fraction of these ESCHG that are core is typically small ( fig. 3 ): at most $18% for the 15 Methanococci and the 15 Thermococci, and <5% for the 16 Cyanobacteria, and 25 Halobacteria contained in our data set.
Thus, most BTs are not associated with all genomes of a taxonomic group, consistent with a high turnover of CHGs, at least of lineage-specific genes, within prokaryotic genomes. Jackknife analyses show that these trends are robust with respect to the size of the data set (supplementary fig. S4 and tables S5-S7, Supplementary Material online).
We also implemented a conservative horizontality test, which exploits the network information to determine which BTs have likely been horizontally transferred between cells (see Materials and Methods). About 80% of the taxonomically consistent BTs and 61% of the taxonomically inconsistent BTs at !70% ID were considered as laterally inherited for the majority decision rule (supplementary fig. S7 , Supplementary Material online). These numbers represent a minimum estimate of horizontal gene transfer, since the absence of evidence for transfer for the other BTs does not mean that these other BTs were necessarily vertically inherited. They could also have been transferred between close relatives.
Our estimates of transferred genes/genomes are consistent with some published estimates found in the literature, although possibly a bit more conservative. Overall, our analysis supports the generally admitted notion that horizontal gene transfer deeply impact microbial evolution (Raymond et al. 2003; Zhaxybayeva et al. 2006; Kloesges et al. 2011; Popa et al. 2011; Koonin 2016) , with rates that vary across genomes (Koonin et al. 2001; Dagan et al. 2008; Kloesges et al. 2011 ). Thresholding our networks allow us to compare our results with reports on both recent HGTs, as well as on cumulative HGTs. For example, Kloesges et al. (2011) reported that 9.6% of the genes within a prokaryotic genome were recently acquired, Lawrence and Ochman (2002) reported 18% of genes recently acquired by HGT in E. coli, or Hern andez-L opez et al. (2013) proposed that up to 25% of core genes were recently transferred in Rickettsiales. Consistently, we proposed that up to 15% of the genes of the tested genomes have been recently transferred (i.e., showing ! 90% similarity between donor and hosts genomes, supplementary fig. S7-1, Supplementary Material online). At ! 30% similarity, cumulative effects of HGT become noticeable (supplementary fig. S7 -1, Supplementary Material online), affecting in average 41.73% of the genomes and up to 68.34% of a genome (Starkeya novella DSM 506). These values are in the same range that the ones suggested by other publications, that is, that on an average, at least 81% 6 15% of the genes in each prokaryotic genome were involved in HGT during their history (Dagan et al. 2008) , and see also (Kloesges et al. 2011) , who reported that 75% of the genes of a genome were on an average affected by one HGT, and (Koonin 2015) , who suggested that 60% of the information flux between FIG. 2. Support composition of twins and CHGs. The taxonomy of the carriers of the genes in a CHG is called its support composition. For every similarity threshold (on the x-axis), we report how many CHGs (on the right) or twins of CHGs (on the left) are exclusively found in Archaea, in Bacteria, in both kinds of prokaryotes ("mixed prokaryotes"), in viruses only, in plasmids only, in both kinds of MGE ("mixed MGE"), or in both cellular and mobile elements ("externalized").
Gene Sharing in a Bipartite Web of Life . doi:10.1093/molbev/msy001 MBE prokaryotic genomes is not tree-like. Our values are however a bit higher than analyses by (Snel et al. 2002; Beiko et al. 2005; Kunin et al. 2005) , that reported HGT rates varying from 20% to 39% of the prokaryotic gene families analyzed by phylogeny.
We verified with an expanded data set (Materials and Methods) that the trends described earlier were robust. Namely, we observed the following: 1) taxonomically homogeneous CCs (only !90% ID) and taxonomically homogeneous BTs (33-66% of all BTs, depending on the identity threshold); 2) taxonomically heterogeneous CCs (the gCC and up to 19 CCs at !95% ID) and taxonomically heterogeneous BTs (7-38% of all BTs); 3) typologically homogeneous CCs (from 455 at !95% ID to 151 at !30% ID) and typologically homogeneous BTs (70-83% of all BTs); 4) typologically heterogeneous CCs (the gCC and up to 42 at !95% ID) and typologically heterogeneous BTs (16-29% of all BTs). We also detected a broad range of externalized genes in all these prokaryotic genomes (supplementary fig. S5-3 and S5-4, Supplementary Material online). However, detailed analysis of this broader data set was out of the scope of the present paper.
Compressing Bipartite Graphs Detects Novel Instances of the Mobilization of Public Genetic Goods
Within the likely transferred BTs, we focused next on some with potential adaptive content (Karcagi et al. 2016 ). In the graph at ! 90% ID, our very discrete sampling of genomes contained 20 BTs distributed on genomes from different phyla. In the graph at ! 30% ID, including more ancient sharing events, there were 12,864 BTs (i.e., 30.9% of all BTs) grouping genomes from different phyla. Such taxonomically heterogeneous BTs point to candidate genetic public goods, transferred over large phylogenetic distances, that is, since these sequences are used by phylogenetically heterogeneous hosts, which was confirmed by our horizontality test (supplementary fig. S8 , Supplementary Material online). For example, Twin 7227 is a CHG involved in cell wall-peptidoglycanlysis. The protein is found in viruses and bacteria and is important in degrading the cell wall-either for the purposes of infecting a bacterium or for cell division. This kind of "cell puncturing device" is likely to enhance horizontal transfer. Twin 3034 is the LexA protein, which in purified form acts as a repressor of RecA and itself. This protein can function to reduce the level of recombination and SOS-mediated response from an organism (Pant et al. 2016) . The SOS response is triggered by DNA damage, as is RecA. Therefore the function of this twin seems to be to repress recombination and to stop DNA repair processes which might prevent the integration of a sequence into a genome. Other interesting examples stem from these analyses. Twin 7401 at ! 90% ID corresponds to a particular prokaryotic compartment involved in the carbon fixation from atmospheric CO 2 called the carboxysome (Yeates et al. 2008) , shared by taxonomically divergent bacteria (two Cyanobacteria and two Gammaproteobacteria). The carboxysome is also present as twin 69 (under a sufficiently divergent form as to make a different CHG): this time it is even an articulation point linking one Bacteroidetes, one Chloroflexi, and one Actinobacterium. We also find conspicuous plant nodule associated genes: twin 1436 is a nitrogenase subunit NifH forming a twin for a club of three nodule associated MBE Alphaproteobacteria, and twin 7710 is an articulation point, with a dehydrogenase function, between one Acidobacterium (Candidatus Solibacter usitatus) and two nodule Alphaproteobacteria (Methylocella silvestris and Mesorhizobium australicum). The removal of the articulation point neatly separates the three according to taxonomy, and seems ecologically driven, since all three are soil-dwellers (Chen et al. 2010; Challacombe et al. 2011 ). This hypothesis is supported by information on the isolation sites, retrieved from the GOLD database (Mukherjee et al. 2017) , that is, SE Australia for Candidatus Solibacter usitatus, W Australia for M. australicum, and Europe (Germany) for M. silvestris. This Acidobacterium has moreover a large number of genes associated with MGEs (Challacombe and Kuske 2012; Fondi et al. 2016) , and Mesorhizobium australicum harbors a laterally acquired 455.7-kb genomic island, indicating that these genomes are prone to acquire genes. Public goods however are not the only genes that can be shared so broadly. Twin 13016 is a toxin-antitoxin system, a famous "addiction" system (here shared between three plasmids and one phage). Both genes are needed in the genome in order to function. In general, the toxin is long-lived and the antitoxin is short-lived, and keeps the cell safe from the toxin by binding to it. When the genes are removed from the cell, then the short-lived antitoxin breaks down, leaving the toxin to kill the cell. This mechanism removes cells that have been cured of the toxin-antitoxin system, providing an advantage to those cells that have both genes (Gerdes et al. 2005; Otsuka 2016 ). Maximum likelihood trees reconstructed a posteriori for each of these twins confirmed that the genes discussed here were likely involved in LGT, in agreement with our test of horizontality transfer (supplementary fig. S8 , Supplementary Material online).
Transposases Flood the Web of Life but Do Not Persist
We also observed the diffusion of other so-called "selfish" genes. In general, transposases were broadly distributed over MGE and chromosomes, as expected according to, for example, Aziz et al. (2010) . Notably, although transposases are not limited to prophages, and all prophages do not encode a transposase, we verified that the number of transposases in prokaryotic genomes did not correlate with the number of inserted phages, confirming that these mobile elements had decoupled dynamics of chromosomal invasion (adjusted R 2 coefficient ¼ À0.001), and that chromosomes in our data set are not prone to a general inclusion of these diverse types of MGEs. In the overall graph at ! 90% ID, 4.78% of the CCs and 8.03% of the BTs were annotated as containing a transposase, respectively. Interestingly, transposases were overrepresented in BTs mixing different types of genomes (supplementary table S4, Supplementary Material online), because some transposases travel across different host genomes (Hooper et al. 2009 ). Homologous transposases are indeed known to be found and functional in different hosts, eventually from different domains of life (i.e., the piggyBac transposable element, isolated from a virus, operates in a diversity of eukaryotes; Johnson and Dowd 2014 (Sun et al. 2015; Wilson et al. 2017) , occasionally with adaptive hitch-hiking genes (Ahmad et al. 2015; Manageiro et al. 2015; Sabat et al. 2015; Aleksandrzak-Piekarczyk et al. 2016; Ageevets et al. 2017; Sun et al. 2017) , disseminating the view that transposases are commonly found on these types of mobile genetic elements. Other works have highlighted the evolutionary interplay between transposases and different types of mobile elements (transpovirons, Koonin and Krupovic 2017; casposons, Krupovic et al. 2017; and retroviruses, Skala 2014 ). Thus our results, offering a systematic survey of the distribution of transposases across mobile elements, are compatible with this background knowledge.
In our family-based data set (see supplementary tables S3 and S4, Supplementary Material online), transposases were found in 7.21% (888 out of 12,321) of the BTs joining the same type of genomes, and in 17.94% (192 out of 1,070) of the BTs joining different types of genomes (e.g., any combination of virus, plasmids, or chromosomes). Likewise, transposases were found in 3.04% (14 out of 460) of the CCs joining the same type of genomes, and in 21.43% (6 out 28) of the CCs that joined different types of genomes. In about 1/6 of these BTs with heterogeneous phyla, other CHG possibly hitch-hiked with these transposases. This suggests that transposases are actively travelling across the web of life, possibly leveraging over the mobility of other MGEs, but they do not organize the web of life. Indeed, removing annotated transposases from the analyses does not substantially change the topology of the bipartite graph. We also tested that the persistence of the network structure was not due to the CHG that have hitchhiked with the transposases by removing all the CHG that were associated with transposases (i.e., that share the same BT than transposases, in order to reduce the impact of genes hitch-hiking with transposases). This protocol did not affect the topology of the bipartite graphs (supplementary fig. S6 -1 and S6-2 bottom rows, Supplementary Material online), consistent with our claim that transposases do not organize the web of life.
Introgressive evolution has by contrast shaped mobile genetic elements-as can be seen for example in the sharing of very similar genes between viruses and plasmids within the mobilome network (i.e., 8 CCs [out of 488] and 107 BTs [out of 13,391] mixing viruses and plasmids at ! 90% ID).
Gene Externalization Levels Are Remarkably High in the Microbial World
Since our networks encode exact information about which genomes share which CHG, we were able to quantify the extent of "gene externalization," that is, of sharing between chromosomes and extrachromosomal elements (e.g., when a given CHG is connected to two genomes of different kinds). The idea is that externalized genes are copied on different supports (i.e., chromosomes, plasmids, or virus). In that sense, copies of the same gene are encoded in different media (without necessary be lost from their original support). To continue this analogy, externalized genes can also be viewed as "remastered gene copies." Gene externalization differs from LGT between chromosomes, although it can contribute to LGT when a gene from a chromosome is copied to a MGE Gene Sharing in a Bipartite Web of Life . doi:10.1093/molbev/msy001 MBE and from that MGE to another chromosome (or to the same genome, in the case of autologs; Popa et al. 2017) . The difference between gene externalization and LGT means that rules relating to gene externalization may differ from rules relating to LGT. In particular, gene externalization may be random and at a high rate, which would not be visible from LGT analyses, if the host recipient cell selects against the residency of some of the externalized genes (i.e., for example, informational genes may be more externalized than transferred). We observed an impressive proportion of externalized genes in the web of life ( fig. 4 and supplementary table S8 , Supplementary Material online).
More precisely, for our data set, Bacteria generally have higher externalization than Archaea (significant t-test for-! 30%, 40%, 50%, and 60% ID, see supplementary table S8, Supplementary Material online). A notable exception to this rule is the Haloarchaea, which is likely explained by their chimeric nature (Nelson-Sathi et al. 2012) .
Careful analyses of the genomes with highest externalization proportions (> 60% at ! 30% ID, see fig. 4 ) did not identify structural, ecological nor taxonomical commonalities between these genomes. They were all of high quality (with usually ! 11-fold sequence coverage) and their gene content had been carefully investigated (Dunfield et al. 2003; Nandasena et al. 2006; Munk et al. 2011; Huo et al. 2012; Kappler et al. 2012) . Some of these genomes have interesting metabolic or physiological properties, like a high trophic versatility in the sulfur-oxidizing a-proteobacterium Starkeya novella DSM 506 (Kappler et al. 2001 (Kappler et al. , 2012 Wang et al. 2016) , suggestive of LGT affecting that genome. Likewise, 18 putative horizontally transferred regions only had been described in the endophytic b-proteobacterium Herbaspirillum seropedicae SmR1 (Pedrosa et al. 2011) , as well as a plasmid-carried photosynthetic ability in the a-proteobacterium Rhodospirillum rubrum ATC 11170 (Kuhl et al. 1984; Munk et al. 2011) . The largest set of detected transferred genes concerned a genomic island of 455.7 kb in the root nodule a-proteobacterium Mesorhizobium australicum WSM2073, a symbiosis island from the original inoculant strain from the host legume (Nandasena et al. 2006 ). This genomic island only amounts to 7.3% of the genome of Mesorhizobium australicum WSM 2073 (Reeve et al. 2013 ). Thus, LGT, and some MBE bacteriophages, transposases, genomic islands, and extra chromosomal small-sized plasmids had been described in some (but not all) of the genomes with high externalization proportion and their relatives. However, all these MGE inserted in chromosomes were found in considerably lower proportion than the proportion of externalized genes (supplementary fig. S9 -1, Supplementary Material online). Indeed, there was almost no correlation between the externalization proportion and the proportion of inserted phages in these genomes (adjusted R 2 coefficient ¼ 0.1392, for the number of externalized genes vs. the number of inserted MGEs), and in prokaryotic genomes in general (adjusted R 2 coefficient ¼ 0.11, for the number of externalized genes vs. the number of inserted MGEs). Likewise, there was no correlation between the externalization proportion and the proportion of transposases present in the prokaryotic genomes (adjusted R 2 coefficient ¼ 0.07, for the number of transposases vs. the number of externalized genes). Furthermore, externalized genes were scattered across the genomes of their carriers (supplementary fig. S9 -2, Supplementary Material online). Therefore, the detection of high externalization proportions describes a substantial novel general phenomenon, which can affect very different genomes.
Gene Externalization Is not random with Respect to Gene Function
We also followed the dynamics of gene externalization for networks of decreasing stringency (assuming a molecular clock, from the most recent to the most ancient externalization events) in order to identify some of externalization rules and to test whether gene externalization is random with respect to gene function. The distributions of the COG categories associated with externalized genes were markedly different, and these differences persisted at different similarity thresholds ( fig. 5, and also supplementary fig. S10 , Supplementary Material online). The "L" category was abundant among recently externalized genes, suggesting that transposases were among the recent CHG that have moved across different types of host genome. This finding is consistent with the reports of implications of transposons in the evolution of chimeric molecular structures (such as transpovirons, Desnues et al. 2012 and casposons, Béguin et al. 2016 ). However, full-sized genes from that "L" category do not tend to accumulate in their externalized form in genomes, as evidenced by the way their proportion dropped in graphs with lower % ID. This indicates that these transposases do not persist in their host genomes. By contrast, the proportion of externalized genes from the "M" (membrane biogenesis) and "T" (Signal transduction) categories was smaller for recent events than for events considered over a longer time period (i.e., genes from these categories tended to accumulate progressively in genomes as externalized). Other functional categories, such as "E" (Amino-acid metabolism and transport) and "P" (Inorganic ion metabolism and transport) presented more complex distributions.
Due to gene externalization, the web of life appears, in its prokaryotic parts, as a collection of largely disconnected, isolated, prokaryotic strands, affected by introgression between close relatives, doubled by spider-webs of mobile elements (supplementary fig. S1, Supplementary Material online) . One should therefore not be misled by the taxonomical consistency of CCs and BTs. Phylogenetically consistent prokaryotic groups are typically subjected to and sustained by processes that are not simple vertical descent with modification. Gene externalization, from cells to mobile genetic elements, and from mobile genetic elements to cells, may contribute to the high turnover of genes in genomes and their patchy distribution in prokaryotic lineages. The high levels of gene externalization that we report indicate that, collectively, genomes of MGE contain most (possibly all) CHGs from several individual bacterial genomes, which are present, dispersed through fragmented copies, in the unrelated genomes of viruses and plasmids. We predict that as more MGE genomes are sequenced, the percentage of externalized genes per prokaryotic genome will increase, albeit at different rates for different biological functions.
Conclusion
Our work complements the findings of other recent studies using networks. Cong et al. (2017) , for example, analyzed genetic exchange communities, by decomposing a k-mer based
LGT network using notions of graph theory. They inferred functionally biased LGT between cells from various prokaryotic data sets, with up to 144 chromosomes. Our strategy was similar to this inspiring work, but aimed at a different goal. In contrast with (Cong et al. 2017 ), we represented a diversity of sharings (vertically transmitted genes, horizontally acquired genes, or simply shared genes when the mode of inheritance could not be determined), between a diversity of hosts (between cells, between cells and MGE, and between MGE). In that regard, we did not attempt to reconstruct genetic exchange communities of prokaryotes, united by LGT, but rather to offer a broader picture of CHG distribution across microbial genomes. This was achieved by two means: first, we used a broader data set than Cong et al. (2017) , since a total of 8,214 genomes (7,832 MGEs and 382 chromosomes) were included in the network. Second, we used a different type of network, that is, a genome-CHG bipartite graph. In our analyses, we further focused on genes shared between extrachromosomal elements and chromosomes (externalized genes), because these types of sharings would not be necessarily detected by the identification of LGT between cells, whereas our work shows that the sharing of genes between chromosomal and extrachromosomal elements constitutes an important process of microbial communities, which is also functionally biased. Namely, homologous genes which are present, after selection, on both chromosomal and extrachromosomal elements have biased functional profiles, in particular a high turn-over of genes associated with the L category, because genes from this COG category, whereas overrepresented in the pools of conserved externalized genes are less abundant in the pools of divergent externalized genes than genes with, for example, the "M" and "T" functions. Thus, genes that are recently externalized are not enriched in metabolism, regulation, and transport, contrasting with the genes that Cong et al. reported as overrepresented in LGT Gene Sharing in a Bipartite Web of Life . doi:10.1093/molbev/msy001 MBE within genetic exchange communities. Therefore, our work underscores that two distinct introgressive processes affect the evolution of microbial communities, that is, gene externalization and LGT.
Our findings also strongly echoe with the remarkable study by Popa et al. (2017) . These authors used a bipartite CHGgenome network (in their case, directed between donors and hosts), with 3,982 prokaryotic genomes and phages genomes (including prophages of prokaryotic chromosomes, individualized as nodes in their network) to investigate lateral gene transfer by transduction. These authors report that transduction is mostly restricted between closely related donors and recipients, consistent with experimental observations and with our observation that viral genomes are generally peripheral on the genome network, that is, associated with specific cellular host lineages (Halary et al. 2010) , which is also confirmed in our present work with an expanded data set. Interestingly, Popa et al. accurately decomposed transduction events in two phases: the uptake of a gene from a donor chromosome into a phage, and the acquisition of a gene from a prophage into a recipient chromosome. According to our own terminology, each of these phases corresponds to an externalization event (one from a cell to a virus, and another from a virus to a cell, respectively). For that reason, the edges in their network correspond to polarized externalization events between prokaryotes and phages. Interestingly, Popa et al. (2017) stress that 9% of the transduction events they detected are autologs, that is, figure) . On the upper bar, COG categories are grouped by large functional groups (including "Poorly characterized," which includes COG categories R and S). The "No"/0 class (on the left) refers to the genes for which no COG category was attributed). Note the very conspicuous peak for the "L" category at thresholds ! 90% and 95% ID. Corel et al. . doi:10.1093/molbev/msy001 MBE duplication of genes mediated by mobile DNA vectors. This autology is consistent with our claim that externalization introduces genetic redundancy (and possibly resilience) within microbial communities. Of note, our work further underscores that the process of externalization (i.e., the sharing of genes on different types of supports, extrachromomal, and chromosomal elements) is very general. We report that externalized genes amount to even higher proportions of the chromosomes (i.e., >60% in Starkeya novella, which are not due to inserted prophages) than the proportion of transferred genes detected by Popa et al. (who inferred 15, 298 edges between 2,573 bacteria and 4,650 phages). This is logical, because only events of gene externalization 1) beginning in a chromosome and ending in a chromosome, 2) mediated by a phage, were described in their directed bipartite networks of chromosomes and phages (Popa et al. 2017) . By contrast, in our analysis, the first constraint is alleviated, and plasmids, rather than phages, appear as the main carriers of externalized genes (85-99% of externalized genes match on plasmids at !30% ID, see supplementary fig. S9 -3, Supplementary Material online). To summarize, we introduced an analysis of gene sharing between chromosomal and extrachromosomal elements from the microbial world based on a bipartite graph. This strategy allowed us to independently recover major trends of microbial evolution (i.e., the taxonomical and typological biases in the pattern of gene sharings, the existence of genetic worlds, in particular in networks built at low stringency thresholds, the promiscuity of transposases), to propose some novel HGT candidates, and to bring forward the general process of gene externalization. We thus show that the web of life is disconnected, with major prokaryotic kinds, largely, but not absolutely isolated from one another in terms of gene sharing, surrounded by spider-webs of mobile genetic elements, with which chromosomes share externalized genes. Moreover, transposases have recently run across this web of life. Consequently, bipartite graphs appear as a powerful way to study the processes of microbial life beyond classic taxonomy and customary genomic analyses, and we propose that beyond coding CHG, the use of bipartite graphs could be further generalized to small RNA families-genome networks and gene families-metagenome networks, and applied to even larger data sets to keep up with the impressive accumulation of molecular sequences. Finally, gene familiesgenome-metagenome tripartite graphs constitute an exciting horizon for expanded multilevel analyses.
Materials and Methods

Data Collection
We downloaded all complete genomes for viruses, plasmids, and Archaea available as of Nov. 2013 from the NCBI, as well as one complete genome from each bacterial family, in order to compensate for the sampling bias toward Bacteria in the available genomic databases (family-based data set). In this way, we obtained 230 Bacteria, 152 Archaea, 4,219 plasmids, and 3,613 viruses (see supplementary files S1-S4, Supplementary Material online). We verified that these MGE were not inserted in these chromosomes, that is, that the MGEs were extrachromosomal elements. We also used PHASTER (Arndt et al. 2016 ) to detect inserted phages. When detected, we considered such inserted phages as part of the prokaryotic genomes, since we see chromosomes as aggregates of genes from various origins, consistently, for example, with the conception of Cong et al. (2017) , but see Popa et al. (2017) for an alternative treatment of inserted phages in network analysis. We also constituted an expanded genus-based data set comprising all available complete archaeal genomes (235) and one genome per bacterial genus (799) available at the NCBI in Nov. 2016. This second data set was only used to confirm the trends discovered in the family-based data set.
Sequence Analysis
We ran a BLAST all-against-all (blastp version 26, E-value 10
À5
) on all the 1,578,351 protein coding sequences (1,151,256 prokaryotic, 262,544 plasmidic, and 164,551 viral sequences) from the family-based data set. Because of the large size of the genus-based data set (3,834,026 sequences), we used DIAMOND v9.6.107 (Buchfink et al. 2015) with parameters "more sensitive," E-value 10
, no soft-masking, with tabulated BLAST-style output. DIAMOND with these parameters returns very similar results to BLAST, as we carefully assessed on the family-based data set. For both data sets, we filtered the returned hits by keeping only the best reciprocal hit between two sequences, whenever the corresponding matching length covered at least 80% of both sequences We also filtered the BLAST output of the family-based data set with an E-value cutoff of 10 À11 to account for the effect of multiple testing on the size of the query sequence set (i.e., 10 6 ).
Clusters of Homologous Sequences
For a given % ID, we constructed clusters of homologous sequences (CHG) as the connected components of the following graph: nodes are protein-coding sequences, and an edge is drawn between two nodes if the sequences have ! 80% best reciprocal cover and the returned identity percentage is at least the required % ID ( fig. 1, panel A) . A CHG is called nontrivial if its cardinality is at least 2.
Heatmap Representation of Bipartite Graphs
We have graphically shown the distribution of the CHGs in the chromosomes by a heatmap representation of the adjacency matrix of the CHG-genome bipartite graph. More specifically, in this heatmap, each row represents a chromosome, and every column a nontrivial CHG, and the cell is colored by the cardinality of the CHG (supplementary fig. S11 , Supplementary Material online).
Functional Annotation of Genes
The genes were clustered according to the COG categories using the software RPSBlast (Marchler-Bauer et al. 2015) with parameters (E-value 10
À5
). For the family-based data set, 934,742 genes were attributed at least one COG category (70.6% of prokaryotic genes, 38.6% of plasmid genes, and 12.5% of viral genes).
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Bipartite Graphs Generation
We constructed the CHG-genome bipartite graphs by taking as top nodes the genomes and as bottom nodes the nontrivial CHGs, an edge connecting a genome node to a CHG node if the genome contained at least one member of the CHG ( fig. 1, panel B) . Since we focus on gene sharing, we further simplified this bipartite graph by removing all bottom nodes having degree 1, that is, genes that have no detectable similarity with any other at that threshold ("singletons") as well as nontrivial CHGs that were only found in one genome ("specific paralogs"). We detected BTs, quotiented the graph, and detected BAPs using custom Python computer code (MultiTwin package, submitted for publication).
Simulation Protocol
In order to assess the stability of our findings, we have performed two types of simulation. We have first redone all the previous analyses on random samples comprising 20%, 50%, and 75% of the genomes in the family-based data set. We have found similar trends on the distribution of CHG and twins among the different kingdoms (see supplementary fig. S4 and tables S5-S7, Supplementary Material online). Second, we have also constructed permuted versions of the bipartite graphs, by changing the name of the genome containing a given gene. This simple randomization process means that genome labels are assigned randomly to sequences, which allows to test for the contribution of taxonomy, since taxonomical relationships are "broken" in the random network. We have performed 1,165 such random label permutations on the different bipartite graphs at all % ID. In this way, the identity of the top and bottom nodes was unchanged, and their degree distribution only marginally altered. All reported statistics on the CC and BT distributions were far outside the range of the simulated ones (p value ¼ 4.76 Â 10 À3 corrected for multiple testing with a FDR of 5%; Benjamini and Yekutieli 2001) .
Assignment of Putative Lateral Gene Transfer Events
In order to determine which edges in our sequence similarity graphs could be considered as candidates to lateral transfer, we implemented the following protocol, inspired by (Brilli et al. 2008; Fondi and Fani 2010) . For every edge, we compared its similarity weight (i.e., the percentage of identity between the sequences it connects) to the empirical distribution of percentages of identity between the two corresponding taxa, restricted to the sequences satisfying the condition of reciprocal cover !80%. To avoid pushing the distribution artifactually down, due to the presence of paralogs, we only kept the largest similarity value whenever the corresponding pair of taxa appeared several times in a given CHG. We have determined a confidence interval for the 95% quantile of this distribution by a bootstrap procedure (10,000 samples with replacement), and reported a percentage of identity to be significantly higher than expected when it is higher than the upper bound of this confidence interval. To declare a cluster of genes as candidate for LGT, we have used three increasingly stringent criteria on the proportion of edges, significantly more similar than expected, that are required to declare. With the minority criterion, one significant edge is sufficient, whereas the majority (resp. unanimity) criteria require that the majority of edges (respectively all) be significantly more similar than expected. Additionally, we constructed phylogenies for twins highlighted as likely public goods in Compressing Bipartite Graphs Detects Novel Instances of the Mobilization of Public Genetic Goods (supplementary fig. S8 -1-S8-7, Supplementary Material online). For every such twin, we have lowered the similarity threshold as much as we could do so that the sequences forming the corresponding twin could reasonably be aligned. The resulting sequences were aligned with muscle (v. 3.8.31) (Edgar 2004) , trimmed with Gblocks (Castresana 2000) , and ML trees were constructed (under the WAG model) with Seaview (Gouy et al. 2010) . The visualization and annotation was carried out with iTOL (Letunic and Bork 2016) . Alternative trees (see SI, description of additional archive http://www. evol-net.fr/index.php/fr/downloads/MBE_Corel_LGT_Trees. tar.bz2; last accessed January 18, 2018.) were constructed by aligning sequences with mafft (Katoh et al. 2005) , trimming the alignment with trimal (Capella- Gutiérrez et al. 2009 ) and using ultrafast bootstrap approximation to infer an ML tree with iqtree (Minh et al. 2013; Nguyen et al. 2015) .
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
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